Solute and water uptake were studied in isolated perfused rat lungs with airspaces filled with the perfusion fluid. The albumin in this solution was labelled with Evans blue (T-1824), and uptake of fluid from the airspaces was documented by an increase in T-1824 concentration in airway fluid of 6.5 ± 1.6% (n = 5, SEM) at 1 hour and 12.2 ± 0.9% (n = 10) at 2 hours. The only detectable osmotic force that could have contributed to a loss of fluid from the alveolar fluid was a decrease in airspace glucose concentrations, which fell much more rapidly (from 150 mg/dl to 58.7 ±7.1 mg/dl, n = 10, after 2 hours) than plasma glucose (from 150 mg/dl to 128.9 ± 3.7 mg/dl). Addition of 5 x 10" 5 M terbutaline to the perfusate and airspace solutions nearly doubled fluid reabsorption at 1 hour, an effect that was inhibited by propranolol and did not appear to be related to glucose consumption. Exposure to terbutaline for 2 hours increased epithelial permeability to 1 Recent studies suggest that other factors also may be involved in this process. Matthay et al 2 have reported evidence that after solutions containing labelled protein are placed in the airspaces of anesthetized or awake sheep, there is a progressive rise in the concentration of the label. This process is enhanced by terbutaline and inhibited by ouabain in a manner that suggests the pulmonary epithelium may be capable of actively transporting Na + out of the airspaces of the lung. More recently, Crandall et al 3 reported that terbutaline stimulates transport of ^Na* from the airspace fluid into the vasculature of isolated rat lungs. Because no increase in the corresponding transport of l4 C-sucrose was observed in these experiments, they concluded that this increase in 22 Na + movement reflected active transport rather than an increase in the permeability of the barrier to this indicator. Studies with frog lungs 45 and monolayers of pulmonary epithelial cells 36 " 8 are also consistent with active epithelial transport of Na + .
I
has been generally assumed that removal of fluid from edematous lungs is accomplished by the conventional hydrostatic and protein osmotic forces of Starling, by lymph drainage and by coughing. 1 Recent studies suggest that other factors also may be involved in this process. Matthay et al 2 have reported evidence that after solutions containing labelled protein are placed in the airspaces of anesthetized or awake sheep, there is a progressive rise in the concentration of the label. This process is enhanced by terbutaline and inhibited by ouabain in a manner that suggests the pulmonary epithelium may be capable of actively transporting Na + out of the airspaces of the lung. More recently, Crandall et al 3 reported that terbutaline stimulates transport of ^Na* from the airspace fluid into the vasculature of isolated rat lungs. Because no increase in the corresponding transport of l4 C-sucrose was observed in these experiments, they concluded that this increase in 22 Na + movement reflected active transport rather than an increase in the permeability of the barrier to this indicator. Studies with frog lungs 45 and monolayers of pulmonary epithelial cells 36 " 8 are also consistent with active epithelial transport of Na + .
To provide a more complete description of the manner in which edema fluid is removed from the lungs, we have measured indicator and solute concentrations in both the airspace and vascular compartments of fluid-filled rat lungs. Evidence was found which suggests that Na + is actively transported from the air-placed into the airspaces was relatively complete, there was probably little convective loss of the airspace fluid during these experiments. An attempt was made to measure concentrations of most of the solutes that were present in osmotically significant quantities in the experimental solutions. These included Na + , Cl", glucose, and in a smaller number of experiments, K + and lactate. Three radioisotopes were placed in the airspaces of some of these lungs: 123 I-albumin, 22 
Na
+ and 3 H-mannitol.
123
I-albumin was used to detect losses of protein from the preparation and movement of protein from the airspace fluid to the perfusate. The movement of 22 
Na
+ was compared with that of 3 H-mannitol to help distinguish between active transport and alterations in permeability.
Experimental Approach
Forty-five Sprague-Dawley rats, which weighed 440 ± 60 g (SD), were studied. Each rat was killed with an injection of 50 mg of pentobarbital in a tail vein; the chest was opened, and catheters were inserted into the pulmonary artery, left atrium, and trachea. Blood was flushed from the lungs with a perfusion solution containing NaCl 6 g, racemic sodium lactate 3.1 g (Travenol, Deerfield, 111.), HEPES buffer (N-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid) 7.8 g, KC1 300 mg, CaCl 2 200 mg, MgSO 4 -7H 2 O 197 mg, glucose 1.5 g, 10 g bovine serum albumin labelled with 112.5 mg Evans Blue (T-1824), and heparin sodium 2,500 U in each liter of solution and enough 2N NaOH and 2N HC1 to adjust the pH to 7.4. Each liter, therefore, contained Na + 145 meq, 4 K + 4 mEq, Ca 2+ 1.5 mM, Mg 2+ 0.8 mM, Cl" 110 meq, racemic lactate 28 meq, glucose 8.3 mmol, and HEPES 33 meq. The lungs were excised, weighed, covered with Saran plastic film, and placed on a heated, 37° C platform. The airways were filled with the same solution used for perfusion. In some experiments (see Table 1 ), the following radionuclides were added to the airway solution: 12i I-albumin 0.2 /nC/ml, 22 
Na
+ 0.02 /iC/ml, and 3 H-mannitol (3 mC/mmol) 0.12 /xC/ml. To minimize the amount of air left in the lungs, the airways were flushed with 3 successive injections of 5 ml of this solution, and an average of 6.9 ± 0.5 (SD) ml was left in the lungs. The volume of fluid left in the lungs was influenced by the height of the fluid column in the tracheal catheter above the lungs, which averaged 4.0 cm above the platform. The lungs were then perfused with a total of 12 ml of the perfusion solution, which was recirculated through the vasculature for 1 or 2 hours at a pulmonary arterial pressure of 15 cm H 2 O (set with a movable reservoir) and a left atrial pressure of zero. The temperature of the perfusate was maintained at 37° C by heating the perfusate reservoirs. Our decision to use a nonbicarbonate solution without CO 2 was based on uncertainty concerning the CO 2 tension that might otherwise prevail in portions of the lung that were relatively remote from perfused vessels. By incorporating a nonvolatile buffer (HEPES), respiratory acidosis could be minimized.
At the concentrations used in these experiments (see above), we could detect no T-1824 that was not bound to albumin in samples precipitated in 10% TCA. Labelling of albumin with 125 I was accomplished by the procedure of McConahey et al. 9 Binding of 123 I-albumin was less satisfactory than that of T-1824: 95 ± 2% (n = 5, SD) was precipitable in the initial solution before instillation into the lung. This fell to 89 ± 5% in the fluid pumped from the airspaces at the end of the experiments.
123
I radioactivity in the perfusate remained too low to determine precipitability.
At intervals throughout the perfusion periods, 0.5 ml samples of perfusate were collected: a total of 4 ml was removed during the 1-hour studies and 3 ml during the 2-hour studies. At the end of the experiment, perfusion was discontinued and airway fluid was pumped from the tracheal cannula into serial tubes that were marked to contain 0.5 ml of solution. An average of 3.5 ± 0.7 ml of perfusate was recovered (no difference in recovery related to experimental conditions was observed). This volume is significantly greater than the normal tidal volume of rats (approximately 1.5 ml), 10 and must significantly exceed the dead space of these animals. Therefore, it can be assumed that most of this fluid was derived from the exchange regions of the lungs. Incomplete recovery of airspace fluid was presumably related in part to airway collapse as fluid was pumped from the lungs. The lungs were weighed when excised and weighed again at the end of the study and 123 I-albumin and n Na + remaining in the lung tissue were counted in a gamma counter.
Experimental Protocols
Each of the experimental conditions are indicated in Table 1 . Five experiments were conducted in each study. When used, ouabain, terbutaline, and propranolol were included in both the perfusate and airway solution. In the 4th study, the lungs were washed free from blood with the T-1824-albumin solution but were left unperfused during the experiment. As indicated below, this study was needed for the analysis of the ouabain studies, in which flow nearly ceased. It was not possible to measure indicator concentrations in the perfusate in the absence of flow. In the 8th study, T-1824 was placed in the perfusion solution but not in the airspace solution to determine how much T-l 824-albumin moved from the perfusate to the airspace solution. Osmolalities, L-lactate concentrations, Po 2 , Pco 2 , and pH levels were measured in the 9th study. K + and Na + concentrations were measured by flame photometry in both fluids in the 8th and 9th group of experiments (no radioactive indicators were used to avoid laboratory contamination). In 4 experiments, the initial fluid washed from the airspace was incubated at 37° C to determine the possible effect of cells suspended in the airspace fluid on glucose concentrations. Table 2 summarizes the location of indicators at the beginning of the experiments and the figures that show concentration changes of each indicator.
Analysis
Indicator and solute concentrations were determined in each of the perfusate and airspace samples, and indicator concentrations were divided by those present in the fluid instilled in the airways to yield concentration ratios. Airspace and perfusate samples were centrifuged at 1,000 RCF for 20 minutes and 0.2 ml ali- quots were placed in 1.0 ml of water and counted in an automated gamma counter to determine l2i I-albumin and 22 Na + concentrations. Tricarboxylic acid (0.6 ml of a 30 g/dl solution) was then added to these samples, which were spun at 1,000 RCF for 20 minutes, and 0.5 ml of the supernatant was added to 10 ml of ACS scintillation fluid (Amersham, 111.). These samples were counted for 3 H-mannitol concentrations in an automated beta scintillation counter. T-l824 concentrations were measured with a spectrophotometer at a wavelength of 620 nm in aliquots of the supernatant obtained from the original samples that had been diluted 1:11 in water. Na + concentrations were measured with a sodium electrode in these same samples from the first 7 studies. Glucose concentrations were determined in the supernatant by the glucose oxidase procedure. Flame photometry was used to measure Na + H-mannitol were divided by initial airspace concentrations to yield "fractional concentrations."
Fractional concentrations were relatively uniform in the airway samples collected at the end of the experiment (see Figure 1 ). Averages were calculated for the _ _ ,--j " """I " "" I ;
'Compartments that initially contained the indicator or solute. A = airspace fluid; P = perfusate. fractional concentrations in all but the first and last samples (upper panels, Figures 4-7 ). The first sample was excluded because concentrations were more variable in this fluid, presumably because it included variable amounts of fluid from the tracheal catheter and proximal airways. Volumes in the last sample were frequently too small to permit all of the experimental measurements, and these samples were also deleted from the average fractional concentrations. Perfusate concentrations of each of the radioisotopic indicators increased rather linearly in all of the studies (see Figure 2) , and average values for each group of 5 experiments were calculated from the fractional concentrations reached at the end of the perfusion intervals (lower panels of Figures 5-7) .
The total recovery of 125 I and ^Na 4 " from the preparation was calculated by adding the radioactivity of the lungs, the airspace and perfusion fluids, the remainder of extrapulmonary tissues present in the isolated preparation (e.g., the left atrium), and the Saran wrap. The total amount of t25 l~ that could be accounted for in these experiments was somewhat less than that of a Na + (see "Results"), an observation that may have been related to the relative efficiencies with which these isotopes can be measured in tissues. Ratios were calculated for the amount of 125 I and "Na + left in the pulmonary tissue and airspace fluid to the total amounts of these isotopes that were originally instilled in the lungs.
The change in weight of the lung during perfusion was calculated by adding the weight of the airspace fluid pumped from the lung to the weight of the lungs at the end of the experiments and subtracting from this value the sum of the weight at the beginning of the experiment and the weight of fluid instilled into the lungs. Had all of the T-1824 remained in the airspaces during the course of the experiments, the amount of colorless (protein-poor) fluid that was lost from the airspaces could be calculated from the equation:
( 1) where AV, is the change in airspace volume, V, is the initial volume in the airspaces, and T and T' are the T-1824 concentration ratios at the beginning and end of the experiment. Similarly, had all of the T-1824 placed in the perfusate remained intravascular, the amount of fluid entering the perfusate could be estimated from the approximate equation:
where AV p is the change in perfusate volume, V p is the average volume of perfusate (estimated on the basis of the initial volume and the samples removed during the experiment), and T p and T p ' are the T-1824 concentrations in the perfusate at the beginning and end of the experiment. These equations yield information concerning the clearance of fluid without T-1824, rather than the total flow of fluid.
The rates of loss of glucose, 125 I-albumin, ^Na" 1 ", and 3 H-mannitol from the airspace were estimated on the assumption that the only loss of fluid from this compartment was AV a , the protein-poor fluid loss calculated from equation 1. Justification of this assumption was based on the fact that the airspace fluid was not sampled until the end of the experiment and on the observation that most of the 12i I-albumin placed in the airspaces could be detected in the tissue at the end of the experiments (see "Results"). The following equation was used for this purpose:
where D t is the net rate of loss of the glucose or radioisotope from the airspaces per hour, and C represents the concentration at time, t. Fluid was sampled from the perfusate throughout the experiments, and the final perfusate volume (V'p was measured at the end of the experiment. The net rate of glucose loss, D p g , from the perfusate was calculated from the equation:
The rate of appearance of radioisotopes (x) in the perfusate, G pj , was calculated from the equation:
A completely randomized analysis of variance (ANOVA) and a Duncan test were used to compare mean values at the a = 0.05 level." Variation was very large in the airway concentrations of T-1824 and 125 I-albumin and in the calculated loss of fluid after 2 hours of exposure to terbutaline (see Figures 4 and 5) , and these data were, therefore, excluded from the ANOVA. The data used in the statistical analysis of the T-1824, Na + , and Cl" concentrations did not include Studies 8 or 9 so that n values could be kept constant (at 5) in the ANOVA. However, the changes 712 in concentrations were very similar to those found in Studies 1 and 6, and the data presented in the text incorporates the results of all experiments. Standard errors are provided with mean values. Figure 3 , mean values of perfusion declined slowly, but these changes were only significant in lungs treated with ouabain. Exposure to 5 x 10" 5 M ouabain in the airspace and perfusion fluids resulted in a marked diminution of flow at the onset of perfusion, and flow nearly ceased by 1 hour. For this reason, Study 4 of exchange in unperfused lungs was also conducted (see below). The pH of the airspace and perfusion fluid fell by 0.2 units per hour. Po 2 of both fluids remained above 100 torr and Pco 2 remained less than 5 torr.
Results

As indicated in
Protein Concentration and Fluid Flow
T-1824 (FIGURE 4). Evidence for movement of fluid from the airspaces was based on an increase in the concentration of T-1824 in the airspace compartment. Under control circumstances, T-1824 concentrations significantly increased 6.5 ± 1.6% (n = 5, SEM) by 1 hour and increased further to 12.2 ± 0.9% (n = 10) at 2 hours. These observations were consistent with outflow of protein-deficient fluid from the airspace compartment. Perfusate concentrations of T-1824 fell by 5.0 ± 0.59% at 2 hours, suggesting that some of this fluid may have reached the perfusate by this time (see "Discussion").
When 5 x 10" 5 M terbutaline was incorporated in the perfusate and airway experiments, the increase in T-1824 concentration was significantly greater than in the control experiments at 1 hour (11.4 ±0.01%, n = 5). Incorporation of 5 X 10" 5 M propranolol with terbutaline completely blocked the action of the latter agent. The apparent effect of terbutaline to increase the rate at which T-1824 became concentrated was not consistently maintained at 2 hours. As indicated in Figure 4 , there was a wide variation in T-1824 concentrations observed at this time, and the data could not be included in the analysis of variance (see "Materials and Methods"). Reasons for attributing this variability to lung injury are considered in the "Discussion" section. However, a significant decrease in perfusate concentrations of T-1824 was observed at 2 hours (by 3.17 ± 0.75%) indicating that some protein-poor fluid may have reached the perfusate by this time (see "Discussion"). When 5 x 10" 4 M ouabain was added to these solutions, the increase in T-1824 concentration was no longer significant. (However, it was not possible to show that the T-1824 concentration was different from that in the control experiment at 1 hour.) Since flow nearly stopped when ouabain was added, an additional series of experiments in which there was no flow of perfusion fluid was performed: in the absence of flow, T-1824 airway concentrations did increase significantly and were not significantly different from those observed in the control study at 1 hour.
In those experiments in which T-1824 was only placed in the perfusate (Study 8, not shown), airspace concentrations remained very low at 1 hour, averaging only 1.4 ±0.2% those in the original perfusate solution.
FLUID MOVEMENT. If it is assumed that the quantity of T-1824 within the airspaces remained constant in these experiments, equation 1 in the "Materials and Methods" section can be used to calculate the loss of protein-deficient fluid from the airspaces. As noted from the recovery calculations (see below) and the slow movement of protein labels between the airspace and perfusate compartments, this assumption seems reasonable. On the basis of this equation, we calculated that 0.39 ± 0.09 ml (n = 5) of fluid was removed from the airspaces at 1 hour and 0.73 ± 0.05 ml (n = 10) at 2 hours in the control experiments (p< 0.01). In the terbutaline experiments, 0.75 ± 0.09 ml was lost from the airspaces at 1 hour, but loss was variable and not significant at 2 hours.
Utilizing equation 2, we estimated that 0.47 ± 0.06 ml of fluid had reached the perfusate at 2 hours in the control study, and 0.33 ± 0.07 ml reached the perfusate after 2 hours of exposure to terbutaline.
Although fluid movement out of the airspaces could alter lung weight, we were unable to document any consistent changes in the weight of these lungs at the end of the experiments.
Tracer Studies
I23 I-ALBUMIN (FIGURE 5). After introduction of I23 Ialbumin into the airspace fluid (not the perfusate), a significant increase in the airspace concentrations of this indicator was observed (see top, Figure 5 ). However, there was too much variability within groups to determine whether concentrations of l23 I-albumin were affected by different experimental conditions. After 1 hour, perfusate concentrations of 123 I-albumin in the control experiments were only 0.6 ± 0.1% (n = 5) those originally placed in the airway fluid (bottom, Figure 5 ). This concentration reached 1.1 ± 0.4% (n = 5) at 2 hours and was increased by terbutaline. Ouabain did not seem to increase flux of 12i Ialbumin into the perfusate.
2 Na + (FIGURE 6). 22 Na + concentrations in the airspace fluid decreased significantly by 1 hour in the control experiments and rose by a similar proportion in the perfusate. Using equation 3, it can be estimated that 21 ± 3% of the instilled u Na + left the airways at 1 hour and 33 ± 5% left by 2 hours. Similarly, using equation 4, we calculated that 14 ± 1% had entered the perfusate at 1 hour and 19 ± 2% had entered at 2 hours. Exposure to terbutaline significantly increased the rate at which u Na + concentrations fell in the airspace both at 1 hour and 2 hours. Although propranolol signifi-125-1 BSA AIRSPACE cantly reduced the effect of terbutaline to increase airway T-1824, it did not significantly reduce 22 Na + diffusion out of the airspace fluid. More of the 22 Na + reached the perfusate after 1 hour exposure to terbutaline than in the control experiments. This difference was not significant at 2 hours. Ouabain did not seem to have an effect on the movement of 2Z Na + from the airspace fluid to the perfusate. In the absence of flow (group 4), the loss of 22 Na + from the airspace fluid was reduced.
Ti-MANNrroL (FIGURE 7). Airspace concentrations of 3 H-mannitol were significantly smaller and mean perfusate concentrations were significantly greater after 120 minutes of exposure to terbutaline than in the control lungs at 120 minutes. The fall in airway 3 H-mannitol was not significant at 60 minutes, but when propranolol was added to the solutions, the de- total recovery or the portion associated with the space fluid or tissue.
air-
Osmotic Constituents
GLUCOSE (FIGURE 8). Glucose concentrations in the
airspace compartment fell much more rapidly than that in the perfusate (Figure 8) . This difference could only be partly attributed to the fact that less fluid was placed into the airspaces than the perfusate. By 1 hour, 3.85 ± 0.33 mg (n = 5) of glucose had been removed from the airspaces, and this increased to 7.06 ± 0.28 mg (n = 10) at 2 hours in the control experiments. In contrast, only 1.33 ± 0.29 mg (n = 5) were removed from the perfusate at 1 hour and 3.17 ± 0.48 mg at 2 hours (n = 10). By 2 hours, the airspace glucose concentration was 58.0 ± 7.9 mg/dl (n = 10) less than in the perfusate. This is equivalent to an osmotic difference of 3.2 mosm/kg favoring fluid absorption from the airspaces. There was no detectable loss of glucose over the course of an hour from the initial lavage fluid, crease in airway 3 H-mannitol was significantly more pronounced than in the control lungs (but was not significantly different from lungs exposesd only to terbutaline).
I-ALBUMIN AND
H NA + RECOVERY. By summing the quantities of l2i I activity in the tissues, perfusate, and airway solutions obtained from the preparation, we were able to account for an average of 89.1 ± 1.1 % of 12i I activity originally administered. Of this quantity, between 85 and 90% was present in the collected airspace fluid and lung tissue in all but the lungs that had been exposed to terbutaline for 2 hours, in which it represented only 77.1 ±5.0% of the total (p<0.0\). Total ^Na* recovery amounted to an average of between 91 and 98% of that instilled in the airspaces. In the control experiments, the fraction of 22 Na + in the airspace fluid and tissues represented 74.1 ± 3.3% of the total recovered at 1 hour, and this fell to 71.6 ± 0.01% at 2 hours. In the terbutaline studies, only 61.5 ± 2.8% of the "Na + remained in the airway and tissue compartment at 1 hour and 56.7 ± 5.1% at 2 hours. Ouabain did not seem to have an effect on 22 Na + which was removed from the lungs and incubated in a tube at 37° C. Terbutaline appeared to accelerate glucose loss from the perfusion fluid and slow its loss from the airspace fluid ( Figure 8 ). However, total glucose consumption was not changed. (FIG-URE 9) . No significant differences were observed between airspace and perfusate concentrations of Na + , Cr, K + , HC0 3~, lactate, or osmolality. Over the course of 2 hours, perfusate K + increased from 3.92 ± 0.01 to 4.83 ± 0.31 meq/1, and airway K + increased from 3.85 ± 0.02 to 5.48 ± 0.22 meq/1 (n = 5). Airspace and perfusate L-lactate concentrations increased from 14 meq/1 to 17.0 ± 0.7 mg/1 and 18.2 ± 0.9 (n = 5) meq/1, respectively. Airspace and perfusate osmolality increased from 314 mosm/kg to 323 ± 1 and 322 ± 1 mosm/kg, respectively.
OSMOTIC CONSTITUENTS OTHER THAN GLUCOSE
Discussion
Fluid Reabsorption
Progressive increases of T-1824 concentrations in the airspaces of these isolated, fluid-filled rat lungs is consistent with the reasorption of protein-deficient fluid from the airspaces. Protein movement between the perfusate and airspaces was very slow, and it is unlikely that the rise in airspace T-1824 concentration was due to transport of labelled protein from the perfusate compartment to the airspace fluid (against a concentration gradient). A decline in the perfusate concentration of T-1824 was observed after 2 hours and may represent delayed transfer from the interstitium to the perfusate of some of the protein-poor fluid that was originally derived from the airspaces. Entry of airway fluid into the interstitium would presumably have increased pressure in this compartment and may have eventually led to the flow of some of this fluid into the vasculature. However, interpretation of the dilution of T-1824 in the perfusate is not as definitive as that of increasing airspace concentrations, since it is also possible that some of the T-1824-albumin originally placed in the perfusate diffused out into the interstitium.
The increase observed in airspace concentrations of 125 I-albumin at 1 hour also suggests that protein-deficient fluid was transported out of the airspaces. Unlike the T-1824 concentrations, l25 I-albumin concentrations failed to increase further in the 2-hour experiments or after terbutaline at 1 hour. This difference between the T-1824 data and that of 123 I-albumin may have been due to the fact that whereas T-1824 was placed in both the airspace and perfusion fluids, no 12J Ialbumin was incorporated in the perfusate. If any of the T-1824 in the perfusate diffused into the interstitium, the net rate of movement of T-1824 from the airspace fluid to the interstitium would be slowed compared with that of 125 I-albumin. Alternatively, the differences between the T-1824 and l25 I-albumin data may have been related to insufficient binding of I23 I to albumin, which was less complete for m l than for T-1824. Dissociation of the 123 I label from albumin in the airspace was originally reported by Schultz et al. 12 Loss of I23 I from the airspace protein may have been followed by diffusion into the tissues, though relatively little actually reached the perfusion fluid.
Between 85 and 90% of the total amount of 12i Ialbumin recovered at the end of the experiment re-716 Circulation Research Vol 60, No 5, May 1987 mained in either the airway fluid or the lung tissue in all except the lungs exposed to terbutaline for 2 hours. Since the epithelium of the lung seems to be significantly less permeable to small solutes than the endothelium, 13 -' 8 it is likely that a large part of the m l activity in the tissue remained in the airspaces. Had much of the activity entered the interstitium, then significant movement of 125 I into the perfusate might have been expected but was not observed. Therefore, it seems reasonable to assume that most of the T-1824-labelled albumin that was originally instilled in the airspaces also remained there at the end of the experiment. If it is assumed that all of the T-1824-albumin that was placed into the airways remained there, then equation 1 can be used to calculate the volume of fluid that was lost from the airways. These values were 0.39 ml at 1 hour and 0.78 ml at 2 hours in the control experiments and 0.75 ml after 1 hour of exposure to terbutaline. Similar calculations with equation 2 yield a volume of 0.47 ml moving into the perfusate by 2 hours in the control experiments and 0.33 ml in the 2-hour terbutaline experiments. However, as discussed above, movement of fluid into the perfusate could not be proven in these experiments.
Although the site of fluid absorption cannot be defined in experiments of this kind, much of the solution pumped from the airspaces at the end of the experiment must have been located in the more distal portions of the lung since the amount removed significantly exceeded the normal dead-space volume of the rat lung. If it is assumed that airspace and airway fluids are similarly distributed in animals with pulmonary edema, the experimental model used in this study may provide useful information regarding mechanisms of fluid reabsorption.
Hydrostatic and Osmotic Forces
Both hydrostatic and osmotic forces must be considered as possible causes for the movement of fluid out of the airspaces. Since the pressures in the airspaces were relatively low, it seems unlikely that the absorption of fluid from the airspace compartment was related to a hydrostatic difference between the airspace and vascular fluid. Arterial and venous resistances are normally similar in the lung (reviewed by Effros 19 ), and if this is also true in the isolated fluid-filled preparation, then the capillary pressure would be about 7.5 cm H 2 O, which is well above the average airspace pressure of 4 cm H 2 O.
Distention of the airspaces with fluid could have decreased hydrostatic pressures in the extraalveolar regions of the interstitium, thereby favoring airspace fluid reabsorption. However, the flow of fluid from the airspace and vascular compartments into the interstitium would have presumably increased interstitial pressures and progressively slowed reabsorption. Accumulation of fluid within the interstitium may have compressed the vasculature and slowed perfusion (see Figure 3 ). Despite possible interstitial edema, reabsorption of airway fluid remained quite constant, suggesting that reabsorption was not related to a hydrostatic pressure difference between the airspace and interstitial compartments. Of interest was the observation that airway fluid reabsorption persisted even in the absence of perfusion.
It also seems unlikely that the loss of fluid from the airspaces was due to lymphatic function. Lymph flow was probably very slow in these unventilated lungs, and since connections with the thoracic ducts were severed when the lungs were excised, the return of lymph to the vasculature was presumably impaired.
Fluid absorption from the airspaces of this preparation cannot be attributed to protein osmotic forces since airspace protein concentrations actually rose above those in the perfusate, and this would tend to encourage more edema formation. However, it is possible that smaller solutes may have exerted an osmotic effect in this preparation. The pulmonary epithelium is considerably less permeable to both large and small extracellular solutes than the endothelium of the lungs. 13~18 The reflection coefficients of the epithelium to small solutes are sufficiently high to induce fluid flow if osmotic gradients of these substances are present.
14 It was for this reason that a careful search was made for small solute concentration differences that could account for fluid absorption from the airspaces. Only concentrations of glucose appeared to be significantly different between the airspace and perfusate compartments.
The mechanism for the relatively rapid loss of glucose from the airspace fluid was not investigated in these experiments. Only net changes in the glucose concentrations were measured, and it is possible that the relative decrease in airspace glucose concentrations was due to transport of glucose into the perfusate. However, it seems unlikely that such transport is responsible for more than a small portion of the difference between airspace and perfusate glucose concentrations. Wangensteen et al 20 showed that labelled D-glucose is transported from the airspaces of isolated rabbit lungs to the perfusate at a rate similar to Lglucose, which in rum moves at a rate of 1.4 times that of labelled mannitol. 21 In the present experiments, mannitol concentrations in the perfusate were only 3% of those in the airspace after 1 hour. Since there was initially no 3 H-mannitol in the perfusate, this represents the maximum rate at which mannitol can move into the perfusate, and the net movement of glucose would be slower because glucose is initially present in both compartments.
Much of the glucose removed from the airspaces presumably enters the pulmonary epithelial cells. Kerr et al 22 have reported that methyl (a-D[Ul4 C] glucose) pyranoside is concentrated within the tissue of perfusate rat lungs ventilated with air. This glucose analogue is actively transported at the brush border of both kidneys and intestines, 23 
"
27 and it is possible that a similar Na + dependent transport mechanism is present on the luminal surfaces of one or another epithelial cell population in the lungs. However, the subsequent fate of glucose entering the cells is less clear; some of it may be transported into the perfusate in the form of polysaccharides. 21 Regardless of the mechanism of rapid glucose loss from the airspaces, it could contribute to the reabsorption of fluid from the airspaces by decreasing the osmolality of the airspace fluid relative to that in the perfusate. Whether a concentration gradient of glucose plays a significant role in the reabsorption of fluid across the pulmonary epithelium was not directly addressed in this study. This phenomenon would depend on whether 1) a sufficient concentration gradient could be created and maintained across the epithelium, 2) the reflection coefficient of the epithelium to glucose is sufficiently high to result in an effective force that would tend to dehydrate the alveolar compartment, and 3) the continued flow of fluid out of the airspaces would not be prevented by increasing concentrations of other solutes, such as Na + and Cl", in the airspace compartment. The present set of experiments indicates that significant concentration gradients of glucose can be produced and sustained between the airspace and perfusate compartments. There is good reason for believing that the most impermeable component of the barrier separating these compartments is the epithelium and that this membrane is considerably less permeable to glucose than to either Na + or Cl". For example, diffusion of 3 H-mannitol out of the airspaces of rabbits is much slower than the corresponding diffusion of %+ or^l". 18 When 3 H-mannitol is placed in the perfusate, it equilibrates with the interstitium, but further diffusion across the epithelium into the airspace fluid is considerably slower. Presumably, this slow rate of diffusion across the pulmonary epithelium helps maintain glucose concentration differences between perfusate and airspace fluids observed in this study. It is likely that the reflection coefficient of glucose is higher than those of Na + or Cl", which cross the barriers separating the airspace and vascular fluids more readily than mannitol and presumably glucose.
l8 Thus, glucose may be a more effective osmotic agent than NaCl. Taylor and Gaar estimated that the solute reflection coefficient of the pulmonary epithelium to glucose is 0.81 14 and found that the reflection coefficient of the epithelium to extracellular solutes is considerably greater than that of the endothelium.
Glucose is the most abundant solute that can be metabolized, and the only solute with a molecular weight between 90 (lactate) and 64,000 (albumin), which is normally present in osmotically significant concentrations within the extracellular fluid. Uptake by the lung has been well documented 28 " 31 and appears to be increased in edematous lungs. 32 The metabolic fate of the glucose lost from the airspaces was not defined in these experiments, but several products are possible. If the molecule is oxidized and lost into the surrounding air, then the osmolality of the airway solution will inevitably decline, promoting the flow of fluid from the airspace into the perfusate. Similarly, if the molecule is incorporated into glycogen or other cellular components, the osmolality of the airway solution will be reduced. Alternatively, glucose may be converted into lactic acid. Approximately half of the glucose consumed by normal and edematous rat lungs is converted to lactate, even in the presence of normal oxygen tensions. 28 -2932 If hydrogen ions produced in this manner combine with bicarbonate, CO 2 would be produced, and there would be no net increase in osmolality. On the other hand, the hydrogen ions can be buffered by nonbicarbonate buffer (such as HEPES or protein in the present studies) and 2 mosm of lactate would be added to the airway fluid for each milliosmole of glucose that was metabolized. Both the lactate concentrations and osmolality increased in these experiments, and the pH fell in both compartments, but there was no evidence for a concentration difference of lactate or acidity between the airway and perfusate fluids. It appears that lactate produced by the epithelium and other pulmonary cells equilibrates between the airspace and perfusate compartments and may therefore fail to exert an osmotic effect.
We were unable to detect differences in the osmotic pressure of airspace and perfusate fluids. This may reflect the accuracy of the procedure (approximately 1% or 3 mosm/kg at best), as well as the fact that rapid movement of solute-free water from the airspace fluid to the perfusate could result in an increase in the airspace concentrations of solutes other than glucose, such as Na + or Cl". However, no consistent differences were found between airspace and perfusate concentrations of Na + or Cl". Once again, the intrinsic accuracy of these measurements may not have been sufficient to detect small but important concentration differences of these ions between airspace and perfusion fluids. Since there is more glucose in the perfusate than in the airspace fluid, either the osmolality of this fluid should be greater than that in the plasma or there should be more of some other osmotic material in the airspace fluid. Either there was more of an unidentified solute in the airspace fluid than in the perfusate or these discrepancies represent the difficulty of measuring electrolyte and osmotic concentrations with a precision of better than 1%. For example, an error of 1% in osmolality would be equivalent to a concentration error of 3 mosm/kg, which is nearly as great as the osmotic difference attributed to glucose. If Na + and Cl" concentrations in the airspace were increased by dehydration of the airspace compartment, then the rate at which fluid was reabsorbed would be limited by the rate at which these ions diffused down their concentration gradients or were transported across the epithelium. Since any increase in Na + and Cl" concentrations would be relatively small, the contribution of additional Na + and Cl" diffusion to fluid flow should also be minor. Thus, the importance of glucose loss from airspaces may be related to (a) cotransport of sodium into the epithelial cells and (b) the disappearance of an osmotically active solute from this compartment, which would otherwise resist fluid reabsorption.
Electrolyte and Mannitol Transport
Although glucose uptake from the airspace fluid may enhance fluid absorption from this compartment, the studies with terbutaline suggest that factors other than glucose consumption also promote fluid reabsorption. Exposure of these lungs to 5 x 10~5 M terbutaline accelerated fluid absorption at 1 hour despite the fact that the difference between airspace and perfusate glucose concentrations was less than under control circumstances. Since this effect of terbutaline was blocked by propranolol, a y3-adrenergic receptor site may have been involved. As noted above, there is reason to believe that fluid absorption is mediated in part by active Na + transport. The observation that fluid transport may have been diminished by ouabain is also consistent with this hypothesis. Total uptake of glucose from the perfusate and airspaces was unchanged by terbutaline, and the increase in perfusate concentrations could reflect in part the transport of electrolytes and fluid (without glucose) from the airspaces to the perfusate. Alternatively, glucose may have passively diffused from the perfusate to the airspace compartment because the permeability of the epithelium to glucose had increased.
There are several reasons for concluding that by 2 hours the permeability of the epithelium to solutes had increased in the presence of 5 X 10~5 M terbutaline: 1) The diffusion of 3 H-mannitol out of the airspaces was increased relative to that of 22 
Na
+ by ths time. H-mannitol molecule are transported out of the airspaces at 2 hours indicates that terbutaline had resulted in a loss of the permselectivity of the epithelium to these indicators.
2) The total amount of l23 I-albumin remaining in the lungs after 2 hours of exposure to terbutaline was diminished, suggesting leakage through the epithelium. 3) Increases in the concentrations of T-1824-albumin and 123 I-albumin in the airspace fluid were much more variable at 2 hours, indicating that either the epithelium was more permeable to protein or the flow of fluid out of the airspaces had diminished. 22 
+ transport out of the airspaces was also accelerated by terbutaline, an observation comparable to that of Crandall et al 3 who perfused the lungs with a lower concentration (10~3 M) of terbutaline for 45 minutes and concluded that active Na + transport may have been involved. However, the increase in "Na + loss from the airspace fluid caused by terbutaline (from 10% in our control studies to 30% loss at 1 hour in the terbutaline studies) exceeds the increase in fluid reabsorption (from 7-13%), and, therefore, the increase in Na" 1 " transport cannot be attributed exclusively to either active transport or solvent drag. An increase in the permeability of the epithelium to "Na + is likely. This was even more evident at 2 hours, at which time fluid flow could no longer be documented, but ^Na* concentrations in the airspaces had decreased by 40%, and the amount of 22 
+ remaining in the lung tissue had also decreased significantly. As indicated by Crandall et al, 3 the fact that the movement of 14 C-sucrose was not increased by terbutaline at 45 minutes (and by inference, our observation that diffusion of 3 H-mannitol was not increased at 1 hour) does not rule out increased 22 
+ permeability since an increase in cellular permeability to 22 
+ would not be expected to have a significant effect upon transport of the extracellular indicators. Although propranolol effectively prevented enhancement of fluid absorption by terbutaline, it did not block the increase in "Na + transport, suggesting that the action of terbutaline to increase the diffusion of "Na + out of the airspace was not exclusively mediated by a /3-adrenergic receptor.
Despite some uncertainty regarding interpretation of the ^Na 4 " data, the effects of terbutaline on fluid reabsorption do suggest the possibility of active transport. Transport of Na + and water out of the airspaces may be enhanced by epithelial uptake of glucose.
